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Alt, encoded by the lactococcal phage TP901-1, is needed for late transcription. We identify Alt as a DNA-binding protein, and footprint
analysis shows that Alt binds to a region containing four imperfect direct repeats (ALT boxes) located 76 to 32 relative to the Plate
transcriptional start site. The importance of the ALT boxes was confirmed by deletion of one or two ALT boxes and by introducing mutations in
ALT boxes 1 and 4. Alt is proposed to act as a tetramer or higher multimer activating transcription of TP901-1 late genes by binding to the four
ALT boxes, and bending of the DNA may be important for transcriptional activation of Plate. Furthermore, our results suggest that DNA replication
may be required for late transcription in TP901-1. Additionally, we identify gp28 of the related lactococcal phage Tuc2009 as an activator and
show that the activators required for late transcription in TP901-1 and Tuc2009 are interchangeable.
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During lytic growth, bacteriophage-encoded proteins are
needed at specific time periods, and control of phage gene
expression is therefore very important. The temporal pattern of
transcription observed during lytic phage infections is com-
posed of early transcripts followed by middle and/or late
transcripts. Regulation of gene expression in the late stages of
phage infection depends upon phage-encoded factors such as
transcriptional activators, anti-terminator proteins, modification
of RNA polymerase (RNAP) subunits or occasionally a new
RNAP synthesized early in the lytic infection cycle (Barthel-
emy et al., 1987; Cheetham et al., 1998; Greenblatt et al., 1998;
Stitt and Hinton, 1994; Williams et al., 1994).
Transcriptional activators are utilized by several phages of
E. coli to regulate middle and/or late transcription, e.g. phages
P2, T4 and P1 (Grambow et al., 1990; Hansen et al., 2003;
Hinton et al., 1996; Williams et al., 1994). Transcription of the
E. coli phage P2 late genes depends upon host RNAP, a
positive regulator encoded by the ogr gene and active DNA
replication (Birkeland et al., 1988, 1991; Lengyel and Calendar,0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: kha@biocentrum.dtu.dk (K. Hammer).1974). The Ogr protein binds to conserved regions containing
inverted repeats centered around position 55 with respect to
the transcription initiation sites, and transcriptional activation
of late promoters occurs by protein–protein interaction
between Org and the C-terminal domain of the a subunit of
the RNAP (Grambow et al., 1990; Van Bokkelen et al., 1991;
Wood et al., 1997). In the E. coli bacteriophage T4, the
specificity of the host RNAP is systematically altered by phage-
encoded proteins. Transcription from T4 middle promoters
depends upon both the transcriptional activator protein MotA
and the anti-j factor AsiA (Stitt and Hinton, 1994), where
MotA serves as a molecular bridge between j70 and the DNA
and AsiA binds to j70 preventing interaction of the j70 surface
with the consensus 35 promoter regions (Cicero et al., 2001;
Hinton et al., 1996; Minakhin et al., 2003). Furthermore,
activation of T4 late promoters requires two T4 encoded
RNAP-binding proteins, along with a T4-encoded sigma factor
and active DNA replication (Miller et al., 2003; Williams et al.,
1994). Another example of transcriptional activation is
provided by the E. coli bacteriophage P1 where transcription
from the late promoters requires the phage-encoded early
protein, Lpa, the host-encoded stringent starvation protein A
(SspA) and active DNA replication (Hansen et al., 2003;
Lehnherr et al., 1992a, 1992b).6) 446 – 456
www.e
Table 1
Putative activators of late transcription in the P335 type phage group
Activator
group
Phage or
prophage
Putative
activator
homologues
Protein size
(amino acids)
Identity to
f31
Alt (%)
Putative
DNA
targeta
f31-like f31 ORF2 143 100 D
r1t ORF25 143 100 D
fLC3 ORF143 143 100 D
Activator
group
Phage or
prophage
Putative
activator
homologues
Protein size
(amino acids)
Identity to
TP901-1
Alt (%)
Putative
DNA
target
TP901-1-like TP901-1 Alt 140 100 A1
bIL309 ORF36 140 99 A1
bIL286 ORF36 140 97 A1
Tuc2009 ORF28 140 72 A2
ul36 ORF140 140 72 A2
abiN ORF6 140 67 A3
bIL310 ORF27 133 53 B
BK5-T ORF61 133 23 C
4268 ORF28 133 23 C
bIL285 ORF38 133 23 C
a The designations A, B, C and D indicate that no similarity is found in these
four groups of putative DNA targets for the supposed activators. In contrast, all
the targets named A show similarities.
M. Pedersen et al. / Virology 345 (2006) 446–456 447In several lactococcal phages, temporal transcription has
been studied, and a number of middle and late regulated
promoters have been identified in members of the commonly
isolated phage species: the prolate c2, the small isometric 936
and the isometric P335 species (Chandry et al., 1994; Jarvis et
al., 1995; Lubbers et al., 1998; Madsen and Hammer, 1998;
Parreira et al., 1996; Seegers et al., 2004; van Sinderen et al.,
1996; Walker et al., 1998). As expected in all cases
investigated to date, phage-encoded protein synthesis has been
found to be needed for middle or late transcription. Further-
more, the identified promoters are lacking the 35 recognition
sequence, suggesting that the promoter activity is dependent
upon transcriptional activator proteins. Further characterization
of the promoters by deletion analysis was performed for the
phages sk1, A31 and TP901-1 (Brøndsted et al., 2001;
Chandry et al., 1997; Walker and Klaenhammer, 1998). In all
cases, sequences upstream of the promoters were needed for
activity, supporting the hypothesis that these promoters are
dependent upon an activator protein. The binding of an
activator protein to the promoter DNA has however only been
shown for A31 using an in vitro transcribed and translated
extract as source of the activator protein (Walker and
Klaenhammer, 1998).
In our present studies, the TP901-1 encoded activator
protein, Alt, has been partially purified, and it is identified as
a DNA-binding protein both by footprint analysis and gel
retardations. To our knowledge, this is the first footprint
analysis of a lactococcal activator of late transcription. Our
results determine the DNA-binding site for Alt on the phage
genome and show that the activator protein binds to four
imperfect direct repeats which is unusual for transcriptional
activation in bacteriophages. Our studies also suggest that both
Alt and active DNA replication of the promoter template are
required for efficient activation of the isolated late promoter.
The lactococcal phages TP901-1 and A31 both belong to
the heterologous group of P335 phage species of the
Siphoviridae family. However, in the P335 species, the gene
order is preserved, making it possible to suggest the location of
the transcriptional activator for late gene expression just
upstream for the small terminase subunit as it has been
determined for A31 and TP901-1, though the transcriptional
activator activates a middle promoter in A31. Based on
sequence homology of the proposed activator proteins of two
different groups, the TP901-1 (Alt)-like and the A31-like were
identified in the P335 phage species (Brøndsted et al., 2001;
Walker et al., 1998). In the present paper, the Alt class of
TP901-1 like activators is further investigated. It is shown that
the activators of TP901-1 and Tuc2009 are interchangeable but
prefer their own promoter targets.
Results
Putative activator proteins and late promoter regions of
sequenced P335 phages
The numerous genome sequences of P335 phages allowed
us to investigate the relatedness of putative activators locatedupstream of the large terminase subunit and correlate this to the
presence of possible identities in the DNA sequence in the late
promoter area on the phage genome. In this way, possible DNA
targets for the activators may also be proposed. Two separate
activator families were found, the TP901-1 family and the f31
family. As expected, also, their putative DNA target sites
showed no similarities (Table 1). In order to pursue the
investigations of the TP901-1 family, phage protein homolo-
gous to the activator of late transcription, Alt, encoded by the
lactococcal phage TP901-1, was identified by comparison with
available protein sequences in the database, using Blast version
2.2.9 (Altschul et al., 1997). The homology groups showing the
lowest identity to TP901-1 Alt, the putative transcriptional
activators of phages bIL310, BK5-T, 4268 and bIL285, also do
not possess similarities in their putative DNA target site to the
Alt activated promoter region in TP901-1 (Fig. 1 and Table 1).
The phages 4268, BK5-T and bIL285 encode putative proteins
that are 99% identical but have only 23% identity to Alt,
therefore, only the BK5-T sequence is shown for comparison in
Fig. 1A. The DNA sequences downstream of these putative
activators, in a position similar to Plate of TP901-1, are
identical, and therefore these putative activators are expected
to recognize identical DNA targets (C DNA targets in Table 1).
The putative activator encoded by the lactococcal prophage
remnant bIL310 showed 53% identity in 133 amino acids to
Alt (Fig. 1A and Table 1). However, since the remnant
prophage bIL310 does not contain any structural genes, it is
not clear whether a functional activated promoter is at all
present in this phage (presumed B DNA target). For the
remaining part of the Alt homologues in Table 1, similarities in
their putative DNA targets were found to the Plate promoter of
TP901-1. The targets are classified as A1, A2 and A3, and the
sequences are shown in Fig. 1B.
Fig. 1. Comparison of the genetic regions proposed to be involved inAlt-like transcriptional regulation. (A) The amino acid sequence of Tuc2009ORF28 also represents
ul36 ORF140 since these proteins are mutually identical. Likewise, the sequence of BK5-T represents the sequence of phage 4268 ORF28 and bIL285 ORF38 since
these proteins are 99% identical. Amino acids identical to TP901-1 Alt are shown in gray. (B) Alignment of the putative Plate promoter regions of phage ul36, Tuc2009
and the abiN operon with Plate of phage TP901-1. Phage bIL309 and bIL285 have putative Plate promoter regions identical to Plate of TP901-1. Asterisks (*) are shown
below nucleotides conserved in all sequences. The transcriptional start site of the TP901-1 Plate promoter is indicated by an arrow. Numbers indicate base pair number
with respect to the transcriptional start site identified in phage TP901-1. The position of the four ALT boxes is indicated above the TP901-1 sequence as arrows.
Table 2
Comparison of the ALT-box sequences found in Plate of TP901-1, Tuc2009 and
ul36
Phage Repeat
number
ALT-box sequence
TP901-1 1 A A A T T G G G A T A
TP901-1 2 A A A A C G A C A C G
TP901-1 3 A A A A A G G C A C G
TP901-1 4 A A A T T G G A G T G
TP901-1 consensus A A A W V G U N U Y U
Tuc2009 and ul36a 1 A A A A T G G G C A A
Tuc2009 and ul36a 2 A A A A A G A A T C G
Tuc2009 and ul36a 3 A A A T T G C C T A
Tuc2009 and ul36a 4 A A A T T G G C A C C
Tuc2009 and ul36
consensus
A A A W W G N N V N N
Consensus A12 A12 A12 A6T6 T8 G12 G7 C6 A5 C6 G5
A A A W V G N N N N N
W represents A + T; U represents A + G; Y represents C + T; V represents T +
A + C; N represents A + C + G + T.
a The sequence of the four ALT boxes found in Tuc2009 and ul36 is
identical.
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an A1 target region, contain DNA sequences identical to the
83 to +26 region of the Plate promoter of TP901-1. The
putative activators encoded by these phages showed 99% and
97% identity of the total protein to Alt (Fig. 1A). The
regulation of late transcription in these phages is therefore
expected to be identical to that of phage TP901-1. Interest-
ingly, the structural genes transcribed from the putative Plate
promoters of phages bIL309 and bIL286 are not homologous
to the TP901-1 late gene cluster as they belong to the BK5-T
subspecies.
Phages Tuc2009 and ul36 encode putative proteins that are
mutually identical and show 72% identity to Alt. Furthermore,
the N-terminal half of the proteins was found to be 100%
identical (Fig. 1A). The presumed DNA target was classified as
A2 as the DNA sequences located downstream of the putative
activator genes, at positions corresponding to 83 to +14
region of the TP901-1 Plate promoter, contain regions of
identical nucleotides (Fig. 1B). Due to the similarity between
both the promoter and activator elements of Tuc2009, ul36 and
TP901-1, we speculated that these phages contain interchange-
able activator elements.
When examining the nucleotide sequence of the Plate
promoter region between nucleotide 85 and the transcrip-
tional start site, four imperfect direct repeats of eleven base
pairs with the consensus sequence AAAWVGUNUYU ar-
ranged head-to-tail with no spacing between could be found at
position 76 to 32 with respect to the transcriptional start site
(Fig. 1B and Table 2). The position of a possible DNA target in
this region is in accordance with the previous deletion analysis
of the Plate promoter region (Brøndsted et al., 2001). Theidentified repeats were named ALT boxes 1 to 4. Similar
repeats were found in the putative DNA targets, A2 and A3, for
Tuc2009 and abiN, respectively, along with a DNA element
identical to the region around the transcriptional start site in
TP901-1 (27 to +9).
The abiN ORF6 shows 67% sequence identity to Alt, and
also in this case, the N-terminal halves of the proteins were
100% identical (Fig. 1A and Table 1). The abiN located
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infection phenotype (Prevots et al., 1998), but expression of
abiN was not dependent on the presence of orf6, therefore, it is
not known whether the ALT box containing target sequence
from abiN shown in Fig. 1B does contains an active promoter.
After identification of the ALT boxes, our investigations
aimed at demonstrating that they were targets for binding of the
Alt protein in TP901-1. Furthermore, we were interested in
testing whether the Alt boxes in TP901-1 and Tuc2009 would
be recognized by both Alt and ORF28, provided that ORF28
was a functional activator in Tuc2009.
Identification of an activator and its promoter in phage
Tuc2009
First, the presence of a functional promoter–activator
system in phage Tuc2009 was verified using a two-plasmid
system. A putative promoter fragment from phage Tuc2009
was fused to lacLM in the promoter probe vector pAK80
(Israelsen et al., 1995), and the promoter activity (determined
as the specific h-galactosidase activity) was measured in the
presence and absence of gp28, the gene product of Tuc2009
orf28 cloned in pNZ44 (McGrath et al., 2001). The putative
promoter fragment from phage Tuc2009 was activated in the
presence of gp28 but not in its absence, strongly suggesting
that a promoter–activator system is isolated from phage
Tuc2009 (Table 3). The ability of TP901-1 Alt to activate the
presumed Plate,Tuc was tested. As seen in Table 3, the Plate,Tuc
promoter was found also to be active in the presence of TP901-
1 Alt, and, likewise, the TP901-1 Plate promoter was found to
be active in the presence of Tuc2009 gp28. These results
support the hypothesis that similar DNA targets are needed for
transcriptional activation.
Binding of the activator protein, Alt, to the Plate promoter
region
In order to verify the activator model proposed for Alt, we
designed experiments to test the specific DNA binding of Alt
to the Alt boxes. Alt was first over-expressed by inserting the
alt gene from TP901-1 into an inducible expression vector in
E. coli (Lutz and Bujard, 1997). The protein was partially
purified from the soluble fraction to approximately 25%
purity, and this protein fraction was used for in vitro DNA–Table 3
Specific h-galactosidase activity of strains containing a promoter–activator
system
Strain Plasmids Plate
promoter
Phage activator Specific
h-galactosidasea
MP154 pMAP14 + pMAP20 TP901-1 TP901-1 Alt 12.8 T 0.9
MP156 pMAP14 + pMAP18 TP901-1 Tuc2009 gp28 5.5 T 0.3
MP157 pMAP14 + pNZ44 TP901-1 – 0.2 T 0.2
MP158 pMAP19 + pMAP20 Tuc2009 TP901-1 Alt 7.6 T 0.6
MP160 pMAP19 + pMAP18 Tuc2009 Tuc2009 gp28 84.1 T 4.9
MP161 pMAP19 + pNZ44 Tuc2009 – 0.4 T 0.2
a Specific h-galactosidase activity of cultures grown overnight at 30 -C (U/
ml/OD600).protein binding analysis. The partially purified Alt protein was
used in electrophoretic mobility shift assay (EMSA) probed
with 33P-labeled DNA fragments containing different parts of
the promoter region. Using a DNA fragment, MAP14,
harboring a functional Plate promoter from position 85 to
+14 from the transcriptional start site (Fig. 2), a change in the
electrophoretic mobility of the MAP14 DNA fragment was
observed in the presence of Alt extract indicating formation of
a protein–DNA complex (Fig. 3A). The Alt binding was
shown to be DNA-sequence-specific as a DNA fragment
without ALT boxes did not result in mobility shift in the
presence of Alt. No retardation of the MAP14 Plate DNA
fragment was observed using a protein extract prepared from a
control strain containing the expression plasmid without the
alt gene (data not shown), verifying that the protein–DNA
binding was caused by Alt and not by E. coli proteins in the
extract.
Deleting DNA downstream of the Alt boxes then
narrowed the DNA target size to 57 base pairs (MAP57).
This target could still bind Alt specifically. The apparent
dissociation constant, Kdapp, i.e. the concentration that gives
half-maximal binding, was unchanged when the downstream
DNA was deleted and Alt was found to bind to the MAP14
and MAP57 DNA with an apparent dissociation constant of
approximately 20–40 nM and a Hill coefficient of 4,
indicating tight and cooperative binding under the experi-
mental conditions (Fig. 3B).
To examine whether all four ALT boxes located between
nucleotides 76 to 32 are involved in the observed DNA-
binding activity of Alt, smaller overlapping DNA fragments of
the promoter regions were constructed (Fig. 2). When EMSA
was performed using DNA fragments, MAP41, MAP9 or
MAP42, containing only two or three of the ALT boxes (Fig.
2), no protein–DNA binding was detected (data not shown),
suggesting that all four ALT boxes are needed in order for
proper binding of Alt. To further verify the importance of the
sequence of the ALT boxes for binding of Alt, DNA
fragments containing specific double mutations were used.
The mutations were introduced symmetrically in the first and
last repeated sequences; when changing AAATTGG to
AAATTAA or to AGCTTGG (MAP57GG3 and MAP57AA3,
respectively, Fig. 2), no binding of Alt was observed (data not
shown).
In order to verify that Alt covers a large region upstream of
the Plate transcription start site, DNaseI footprint analysis was
performed. Addition of Alt to an MAP150 DNA fragment,
containing the four ALT boxes in a DNA fragment covering
the bases 136 to +14 from the transcriptional start site,
changed the pattern of DNaseI digestion in the region 79 to
27 (Fig. 4). Four regions, 79 to 59, 57 to 48, 46 to
38, and 35 to 27, were protected by Alt addition.
Increased sensitivity to DNaseI cleavage in the presence of Alt
was also observed at three positions: the guanine at position
58 in the second ALT box, the thymine at position 36 in
the fourth ALT box and the guanine at position 47 in the
third ALT box. The positions are also indicated with arrow-
heads in Fig. 2.
Fig. 2. Nucleotide sequence of the Plate DNA fragment from nucleotide 85 to +14. DNA fragments used in electrophoretic mobility shift assay (EMSA) are shown
by black lines. Numbers listed above the sequence indicate positions from the Plate transcription start site. Arrows above the sequence indicate the position of the four
direct repeats. Nucleotides preserved between the Plate promoter of phage TP901-1 and Tuc2009 are marked with asterisks (*) below the DNA sequence. Mutations
introduced in DNA fragments MAP57GG3, MAP57AA3 and MAP57AAA are shown in bold letters. Underlined nucleotides indicate bases protected from DNaseI
digestion by Alt. Vertical arrows indicate nucleotides showing enhanced DNAse sensitivity in the presence of Alt. The nucleotides at position 57 and 36 are
particularly sensitive toward DNaseI digestion.
Fig. 3. Gel electrophoresis mobility shift assays (EMSA). (A) The MAP14
DNA fragment containing the Plate promoter covering region 85 to +14 was
used in EMSA with different concentrations of Alt. The first lane to the left
contains undiluted Alt extract, and, in each of the following lanes, the
concentration of Alt decreases by a factor of two. The last lane to the right
contains no Alt extract. (B) The percentage of bound DNA fragments in each
lane of the EMSA experiments was calculated and a binding isotherm drawn.
The two red curves represent Alt binding to MAP14 DNA, and the two black
curves represent Alt binding to MAP57 DNA. The apparent dissociation
constant, Kdapp, is read at the crossing point between the line marking 50%
bound DNA and the actual binding curve. Kdapp is expressed as monomeric Alt
equivalents.
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and cell growth
In order to test if the isolated Plate promoter could be activated
in vivo in the presence of phage-encoded proteins, the indicator
strain Lactococcus lactis subsp. cremoris 3107 carrying a Plate-
lacLM fusion on plasmid pMAP12 or pMBP14 was infected by
phage TP901-1. No h-galactosidase activity above the back-
ground level could be measured during the lytic infection cycle
showing that efficient transcription of the isolated Plate promoter
requires another factor in addition to the phage and host proteins
provided during phage infection. Additionally, we wanted to test
if constitutive expression of Alt during lytic infection would
activate the Plate promoter leading to premature cell lysis and
hence being fatal for the development of new phage progeny.
However, when the indicator strain L. lactis subsp. cremoris
3107 containing plasmid pMAP26 constitutively expressing Alt
was infected by TP901-1, we observed no changes in the burst
size or the latent period (data not shown).
Due to the negative outcome of our attempt to activate the
Plate promoter following phage infection indicating that more
than just the cloned promoter and phage proteins are needed, we
decided to test if the expression of the Plate promoters was
dependent upon the bacterial growth phase. The activator
proteins were, as before, expressed from the constitutive
promoter P44. As it is clearly shown in Fig. 5, activation of
the isolated Plate promoters takes place in the late exponential
growth phase. In Fig. 5, we have plotted the enzyme activity (U/
ml) against bacterial growth (OD600). In this plot, the slop of the
line represents the specific rate of h-galactosidase synthesis,
therefore, changes in the slope indicate if and when changes in
the rate of synthesis occur. If the synthesis is constitutive
throughout all growth phases, a single straight line would be
Fig. 5. Rate of h-galactosidase synthesis. The h-galactosidase activity (U/ml)
was determined from exponential growing cultures, MP154 and MP160, and
plotted against OD600. Dots (.) represent h-galactosidase activities of strain
MP154 containing the promoter –activator system from phage TP901-1.
Triangles (r) represent h-galactosidase activities of strain MP160 containing
the promoter–activator system from phage Tuc2009.
Fig. 4. DNaseI footprinting with Alt protein extract and MAP150 DNA
fragment labeled at the lower strand. A/G indicates the A/G sequence in
MAP150. The +/ signs indicate presence or absence of Alt protein extract,
respectively. The nucleotide sequence is shown at the left side. Asterisk (*)
indicates nucleotides with increased sensitivity to DNaseI digestion. Arrows at
the right indicate the location of the four ALT boxes. Regions protected by Alt
are shown as black lines to the right, and numbers indicate position in the
nucleotide sequence relative to the transcriptional start.
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the lines are drastically altered after a certain OD: the slope is less
than 1 U/ml/OD600 below OD600 1.3, and, after that point, it
raises to 18 and 65 U/ml/OD600, respectively, showing at least a
20-fold induction of both Plate promoters in the late exponential
growth phase: i.e. activation of Plate is growth-phase-dependent.
Furthermore, when the Alt protein was provided from the nisin
promoter (Brøndsted et al., 2001), the same growth phase
dependency was observed (data not given). These results are
therefore not due to a growth phase regulation of the P44
promoter used in our experiments.
Discussion
Lactococcal phages belonging to the P335 phage species of
the Siphoviridae family may be divided into two classesdepending on the regulatory systems controlling late transcrip-
tion: the TP901-1 like and the f31-like (Table 1). Here, we
have studied the mechanism of late transcription by TP901-1-
like activators. The alt homologues encode small proteins with
predicted molecular weight of approximately 16 kDa that show
no similarity to known DNA-binding proteins or other
previously characterized transcriptional regulatory proteins.
All of these potential activators are encoded by genes located
immediately upstream of the putative late promoters and
upstream of the late structural gene clusters, thus, in positions
similar to alt in the TP901-1 genome.
In this report, we demonstrate that Alt encoded by TP901-1
is a DNA-binding protein using both gel retardations and
footprint analysis. The target for Alt binding identified by the
footprint covered a large region from 79 to 27 upstream of
the transcriptional start site. The nucleotides at position 58,
47 and 36 showed more sensitivity to DNaseI treatment in
the presence of Alt, indicating that the DNA is bent at these
positions since enhanced sensitivity to DNaseI cleavage is
often observed in areas of DNA, which are bent or twisted such
that access to the minor groove is improved. The Alt-protected
region consisted of four direct repeats named ALT boxes,
suggesting that Alt binds as a multimer to its DNA target. The
nucleotides showing enhanced sensitivity to DNaseI cleavage
are all located at position 8 in the ALT boxes, indicating that
the protein binds to and alters the DNA structure in each ALT
box in the same way. The importance of the ALT boxes was
supported by the results from the EMSA experiments, where
Alt binds cooperatively to DNA fragments with four ALT
boxes, whereas DNA fragments containing two or three ALT
boxes were not bound by Alt. The sequence-specific binding of
Alt to the ALT boxes was demonstrated by the loss of DNA-
target binding when specific double mutations were introduced
symmetrically in the consensus sequence in the first and last
ALT box. The finding that Alt binds with high affinity to the
promoter fragment MAP14 correlates well with previous
promoter activity studies showing that the region upstream of
85 does not have any significant effect on the transcription
level of Plate (Brøndsted et al., 2001).
M. Pedersen et al. / Virology 345 (2006) 446–456452The Alt-like proteins in phage Tuc2009 and ul36 are
mutually identical showing 72% identity to TP901-1. Further-
more, ALT boxes were found in Tuc2009 and ul36 that were
similar to the ALT box of TP901-1 having a common
consensus sequence AAAWVG (Table 2). It was therefore of
interest to test if the Alt proteins could function on the
heterologous promoter. First, we verified that the gene product
of Tuc2009 orf28, gp28, was able to activate the proposed late
promoter of Tuc2009, Plate,Tuc. Then, we showed that the
homologous activators, Alt and gp28, may initiate transcription
from both the Plate promoter of TP901-1 and Tuc2009 in the
absence of other phage-encoded factors. The ratio of transcrip-
tional activation between TP901-1 Plate by Alt (12.8 U/ml/
OD600) and Tuc2009 Plate by gp28 (84.1 U/ml/OD600) cannot
be used to estimate which phage promoter has the most
efficient transcriptional activation since the fusion points to the
promoter probe vector vary, and this may change the
expression of the reporter. In contrast, the differences observed
in activation of TP901-1 Plate by Alt (12.8 U/ml/OD600) or
gp28 (5.5 U/ml/OD600) and activation of Tuc2009 Plate,Tuc by
Alt (7.6 U/ml/OD600) or gp28 (84.1 U/ml/OD600) indicate that
the promoter–activator systems have diverged to give optimal
transcriptional control for each phage. Since the activators have
identical N-terminal parts but do not activate the same
promoter equally well, we suggest that the DNA-binding
domain is located in the C-terminal part of the protein.
After infection of a sensitive host by phage TP901-1 or
Tuc2009, large transcripts of approximately 24 kb covering the
late gene cluster are observed 40 to 45 min post-infection
(Madsen and Hammer, 1998; Seegers et al., 2004). The
position of the transcriptional start site of the Plate promoter
of phage TP901-1 was identified as nucleotide 13,073
(Brøndsted et al., 2001), and, using primer extension, it has
been suggested that the 5V end of the large transcript in phage
Tuc2009 is located at nucleotide 13,427 (Seegers et al., 2004).
This does not fit with the position derived from our studies
since we identify a Plate,Tuc promoter located between bp
13,143–13,309 in the Tuc2009 genome that is active in the
presence of gp28. The +1 position for Tuc2009 shown in Fig.
1B corresponds to nucleotide 13,227 in the Tuc2009 genome.
The entire genome of TP901-1, Tuc2009 and ul36 was
searched in order to identify other regions containing the four
ALT boxes with the consensus sequences AAAWVG separated
by five base pairs. Only the four ALT boxes located at the Plate
promoter regions were identified, although regions containing
two ALT boxes were located at several positions (data not
shown). However, these sites are not likely to be Alt-binding
sites since our studies have shown that Alt binds to DNA
containing four ALT boxes and not to DNA containing only
two or three ALT boxes.
We have shown that the genes alt and orf28 in the related
phages TP901-1 and Tuc2009, respectively, encode homolo-
gous transcriptional activators that are functionally inter-
changeable. Based on these results, we suggest that the
mechanism regulating late transcription in phages TP901-1,
bIL309, bIL286, ul36 and Tuc2009 that all contain homolo-
gous alt genes is the same. It is also possible that phage 4268,BK5-T and bIL285 regulate late transcription in a way similar
to TP901-1 since these phages also contain homologous alt
genes and have mutually identical DNA sequences located
downstream of the activator gene. Whether or not these regions
represent potential activator binding sites remains to be seen. A
conserved mechanism in regulation of middle gene expression
has also been suggested for phages f31, r1t and fLC3, which
contain almost identical regulatory elements (Walker et al.,
1998). The activator of phage f31 was the first positive
transcriptional regulator to be identified and characterized in
phages of Lactococcus, and it was used to construct a bacterial
suicide system triggered by phage infection (Djordjevic et al.,
1997). Interestingly, an explosive phage-inducible expression
plasmid driven by replication from the phage f31 origin
increased the effect of the phage restriction system dramati-
cally, suggesting that the gene dosage and/or active phage
DNA replication of the promoter template is required for
efficient activation of the promoter (Djordjevic et al., 1997).
No structural analysis of the f31 activator has been performed,
although it has been suggested that the DNA-binding site of the
protein may be located in the C-terminal part of the protein as
has been suggested for Alt from TP901-1 (Djordjevic et al.,
1997; Walker and Klaenhammer, 1998). The DNA target for
the f31 activator, however, seems to be an inverted repeat.
Although there is no sequence homology between the
activators of the TP901-1 and the f31 group, it is possible
that similarities in their mode of action may be found since
both kinds of activators are small proteins and both may
depend upon DNA replication of their target DNA. Further-
more, both activators regulate a promoter located downstream
the gene encoding the activator and upstream of the late gene
cluster and both in TP901-1 and f31 middle/late transcription
occurring in the vicinity of the pac or cos site, respectively.
We have shown that the isolated Plate promoter could not be
activated during the lytic infection cycle showing that efficient
transcription of Plate requires another factor in addition to the
phage and host proteins provided during phage infection. It was
also observed that the presence of Alt during infection with
phage TP901-1 had no effect on the development of new phage
progeny, indicating that premature transcription of the Plate
promoter does not occur. Based on these results, we suggest
that active DNA replication of the DNA template is required
for initiation of late transcription in phage TP901-1 and
Tuc2009. Furthermore, in the isolated promoter–activator
plasmid system, activation of the isolated Plate promoter was
shown to be highly growth-phase-dependent. The promoters of
both TP901-1 and Tuc2009 were induced 20-fold or more in
the late exponential growth phase; this coincides with the
finding that the copy number of the promoter probe plasmid,
pAK80, also has been shown to increase at the onset of
stationary growth (Madsen, 1996). The requirement for active
DNA replication in transcriptional activation is also known
from the E. coli phages T4 and P2 (Lengyel and Calendar,
1974; Miller et al., 2003).
The DNA target site for the Alt protein, four directed repeats,
resembles the structure of a phage origin, furthermore, the high
A–T content makes the DNA flexible and easy to melt.
M. Pedersen et al. / Virology 345 (2006) 446–456 453However, Alt does not function as a replication protein for
TP901-1 since mutants in rep are deficient in replication
(Østergaard et al., 2001). The same authors also show that
mutations in the origin sequences destroy phage replication;
hence, the ALT boxes cannot substitute for the origin of
replication. The Alt protein has a remarkable high content of
aromatic residues, twelve tyrosine of 140 residues; this feature
has been observed in proteins binding single-stranded DNA
(Panaghie et al., 2000). The Alt protein may therefore be invol-
ved in DNA strand separation either by still keeping the DNA
strands apart after the replication fork has passed or by some
direct interactions with phage-encoded replication proteins.
In future experiments, the effect of cloning the phage origin
into the promoter probe plasmid could be tested during phage
infection, also, studies of possible protein–protein interactions
between the activator protein and phage-encoded replication
protein are envisaged.
Materials and methods
DNA technology
Primers were supplied by TAG Copenhagen A/S, Denmark.
The GFX kit, restriction enzymes, T4 DNA ligase and buffer
systems were supplied by Amersham Bioscience and used as
recommended by the supplier. Plasmid DNAwas isolated using
the Qiagen Plasmid kit as recommended by the supplier
(Qiagen, Hilden, Germany).
Bacterial strains, phages, plasmids and PCR
Strains, plasmids, phages and primers used in this study are
listed in Table 4. Primers Tucorf28.for and Tucorf28.rev were
used to amplify a 455 bp region of the Tuc2009 DNA
containing the putative activator gene, orf28. The PCR
fragment was digested with NcoI–HindIII and cloned under
the control of the constitutive P44 promoter in the expression
vector pNZ44 (McGrath et al., 2001) resulting in plasmid
pMAP18 (Table 1). Likewise, TP901-1 alt was cloned in the
expression vector pNZ44 by using primers orf29nco.for and
orf29.rev resulting in plasmid pMAP20 (Table 4). A 166 bp
putative promoter region of phage Tuc2009 was amplified
using primers TucP1.for and TucP1.rev. The PCR fragment
covering the putative promoter region was digested with
HindIII–BamHI and cloned in the promoter probe vector
pAK80 (Israelsen et al., 1995) resulting in plasmid pMAP19.
The pAK80 plasmid contains the promoter-less reporter genes
lacLM encoding a h-galactosidase enzyme. The compatible
pAK80 and pNZ44 derivatives were both introduced into
MG1363 by electroporaction according to the method de-
scribed by Holo and Nes (1989) resulting in the strains listed in
Table 4. Primers P44.for and P27rev2 were used to amplify the
constitutive promoter P44 and alt using pMAP20 as template.
The amplified DNA was digested with XbaI–PstI and cloned
in plasmid pCI3340 resulting in plasmid pMAP26.
For over-expression of Alt, the plasmid pUHE::alt was
constructed. The alt gene was amplified with primers P29for2and P27rev2 (from nucleotide 12,537 to 12,996 in the TP901-1
genome) using pGEM1f1 (Christiansen et al., 1994) as a
template. The altered nucleotides with respect to the wild-type
sequence introduced in primer P29for2 improve the Shine-
Dalgarno sequence located upstream of alt. The 0.45 kbp PCR
fragment was purified using the GFX kit and digested with
restriction enzymes BamHI and PstI as recommended by the
supplier. The alt fragment was cloned in BamHI–PstI
restricted pUH23-2 vector and transformed in competent E.
coli XLI-blue as described by Sambrook et al. (1989) resulting
in strain MP107. The insert was verified by sequencing
performed by MWG Biotech AG, Germany.
Cell growth and enzyme assay
Lactococcal strains were grown overnight at 30 -C in M17
broth (Terzaghi and Sandine, 1975) containing 0.5% glucose
and erythromycin (erm), chloramphenicol (cam) (each 5 Ag/ml)
and assayed for h-galactosidase activity. In order to determine
the h-galactosidase activity from liquid cultures, cells were
permeabilized with sodium dodecyl sulfate (0.1%) and
chloroform. The assays were performed according to Miller
(1972) and represented in Table 3 by the average of three
independent experiments.
Phage infection
L. lactis subsp. cremoris 3107 (harboring plasmid pMAP12
or pMBP14) was grown in M17 broth containing 0.5% glucose
to an OD600 of 0.5 and infected with TP901-1 at a multiplicity
of infection >5. Cells were harvested a time 0, 10, 20, 30, 40,
50, 60 and 80 min after infection and assayed for h-
galactosidase activity. The latent period and burst size of L.
lactis subsp. cremoris 3107 harboring pMAP26 were deter-
mined as described by Madsen and Hammer (1998).
Expression and partially purification of Alt
E. coli XLI Blue containing plasmid pUHE23-2 or
pUHE::alt was grown at 37 -C with agitation in LB media
containing 100 Ag ampicillin per ml and 8 Ag tetracycline per
ml. At an optical density of 0.5 at 450 nm, 1 mM isopropyl-1-
thio-h-d-galactopyranoside (IPTG) was added to induce
synthesis of Alt. Cells were harvested 3 h after addition of
IPTG, washed with 0.9% NaCl and resuspended in buffer A
(50 mM Tris–HCl pH 8, 5% glycerol, 0.15 M NaCl, 2 mM
EDTA, 1 mM DTT) and pressed three times in a French Press
followed by centrifugation. The soluble fraction was precipi-
tated with 40% ammonium sulfate, resuspended in buffer A
and dialyzed against buffer A. The protein samples were
separated on 18% denaturing polyacrylamide gels containing
sodium dodecyl sulfate according to the method of Laemmli
(1970). Proteins were visualized after staining the gels with
Coomassie brilliant blue. Densitometer scanning of the protein
bands in the gel indicated that Alt constitutes 25% of the total
protein in the extract. The absolute protein concentration of the
extract was determined by amino acid analysis as approxi-
Table 4
Bacterial strains, plasmids, phages and primers used in this study
Strain, plasmid or primer Description Reference
Strains
L. lactis subsp. cremoris
MG1363 Plasmid-free derivative of NCDO712 Gasson, 1983
3107 Indicator strain for TP901-1 Braun et al., 1989
MP154 MG1363 containing pMAP14 and pMAP20 This study
MP156 MG1363 containing pMAP14 and pMAP18 This study
MP157 MG1363 containing pMAP14 and pNZ44 This study
MP158 MG1363 containing pMAP19 and pMAP20 This study
MP160 MG1363 containing pMAP19 and pMAP18 This study
MP161 MG1363 containing pMAP19 and pNZ44 This study
E. coli XLI Blue recA1 endA1 gyrA96 thi-1 hsdR17, supE44 relA1
lac [F_proAB lacI q ZDM15 Tn10 (TetR)]
Stratagene
MP107 E. coli XLI Blue containing pUHE::alt This study
Plasmids
pNZ44 Expression vector; P44 promoter; CamR McGrath et al., 2001
pCI3340 E. coli-lactococcal shuttle plasmid; CamR Hayes et al., 1990
pAK80 Promoter probe vector containing lacLM; ErmR Israelsen et al., 1995
pMAP14 pAK80::Plate TP901-1; (12988–13086)
a; ErmR Brøndsted et al., 2001
pMBP14 pAK80:: Plate TP901-1; 1.3 kbp; Erm
R Brøndsted et al., 2001
pGEM1f1 TP901-1 library clone; AmpR Christiansen et al., 1994
pMAP18 pNZ44::orf28 Tuc2009; (12688–13143)a; CamR This study
pMAP19 pAK80:: Plate Tuc2009; (13143–13309)
a; ErmR This study
pMAP20 pNZ44::alt TP901-1; (12539–13015)a; CamR This study
pMAP26 pCI3340::P44alt; CamR This study
pMAP12 pAK80:: Plate TP901-1; (12988–13086)
a; ErmR This study
pUHE23-2 Expression vector, IPTG inducible; AmpR Lutz and Bujard, 1997
pUHE::alt pUH23-2 containing a TP901-1 alt fragment;
459 bp (12537–12996)a; AmpR
This study
Primer Sequence
Tucorf28.for 5V-GGGGGGCCATGGTACCACAAAAGGAGAATTTG-3V
Tucorf28.rev 5V-GGGGGGAAGCTTCAAATTAAGTGAATAAC-3V
TucP1.for 5V-GGGGGGAAGCTTGAGAGGGACAAAATGGGC-3V
TucP1.rev 5V-GGGGGGGGATCCGTCACTGGTTCGAGCAATGAC-3V
orf29nco.for 5V-GGGGGGCCATGGTAACACAGACGGAGAATTTG-3V
orf29.rev 5V-GTCGTTTTTATCCCAATTTGACCCAAGCTTCAAATG-3V
P29for2 5V-GGGGGGGGATCCTATAACACAGAAGGAGGATTTGATTAATGG C-3V
P27rev2 5V-GACCCCTGCAGTCAAATGAAATAT CC-3V
MAP149.for 5V-CTACCGATTCAGAAAAGATATAAACCC-3V
PM9rev 5V-GCCTTTTACTTCATAATACAAG-3V
PM4for 5V-GGGGGAAGCTTCGACACGAAAAAGGCACG-3V
PL9 5V-GCATGGGTCAAATTGGG-3V
PM8rev 5V-GGGGGGGATCCGCAGCCACCAATATGAAG-3V
PM6rev 5V-GGGGGGGATCCGATTCGAACTCACGCCTCTGC-3V
MAP15-1.for 5V-GCATGGGTCAAATTGGG-3V
MAP15-3.for 5V-GATAAAAACGACACGAAAAAGGC-3V
MAP15-5.for 5V-GCATAAATCAAATTGGG-3V
MAP57GG2.for 5V-GCATGGGTCAAATTAAGATAAAAACGAC-3V
MAP57AA2.for 5V-GCATGGGTCAGCTTGGGATAAAAACGAC-3V
MAP15-1.rev 5V-GCAACACTCCAATTTCGTGCC-3V
MAP15-2.rev 5V-TTTCGTGCCTTTTTCGTGTCG-3V
MAP57GG.rev 5V-GCAACACTTTAATTTCGTGCC-3V
MAP57AA.rev 5V-GCAACACTCCAACGTCGTGCC-3V
P44.for 5V-CAGCTCTAGATCTAACAATTG-3V
Mismatch nucleotides according to the complementary region of the TP901-1 genome are underlined.
a Numbers indicate nucleotide position in the phage genome.
M. Pedersen et al. / Virology 345 (2006) 446–456454mately 1.4 mg/ml corresponding to an Alt concentration of
0.35 mg/ml. Alt concentrations indicated in this paper are
calculated as the Alt concentration divided by the theoretical
molecular weight of Alt (16,634 g/mol) corresponding to 21
AM and hence expressed in monomeric equivalents.Amplification and labeling of DNA fragments for gel
electrophoresis mobility shift assay
Primers used to construct DNA fragments for gel mobility
assays and DNaseI footprinting are listed in Table 4. The
M. Pedersen et al. / Virology 345 (2006) 446–456 455following DNA fragments, and their respective primers written
in brackets, were used: MAP150 (MAP149.for and PM9rev),
MAP14 (PL9 and PM9rev), MAP57 (MAP15-1.for and
MAP15-1.rev), MAP42 (MAP15-1.for and MAP15-2.rev),
MAP41 (MAP15-3.for and MAP15-1.rev), MAP9 (PM4for
and PM6rev), MAP57GG3 (MAP57GG2.for and MAP57G-
G.rev), MAP57AA3 (MAP57AA2.for and MAP57AA.rev)
and MAP57AAA (MAP15-5.for and MAP15-1.rev).
The PCR reactions were performed using pGEM7f1 as
template. During a-33P labeling, the concentration of unlabeled
nucleotides was 25 AM, and the concentration of a-33P-labeled
dATP (Amersham Bioscience) was 0.4 ACi/Al (160AM). For
small DNA fragments (<57 bp), primers were end-labeled with
g-33P (Amersham Pharmacia Biotech) using T4 polynucleotide
kinase (GibcoBRL) as described by the supplier. The PCR
products were purified using the GFX kit (Amersham
Bioscience) as described by the manufacturer.
Standard EMSA
The binding reactions were performed in a total volume of
10 Al. Binding buffer, 50 mM Tris–HCl pH 6.5, 10 mM KCl, 5
mM MgCl2, 5% glycerol, 20 Ag/ml BSA and 10 ng/Al Sheared
DNA (Invitrogene) as competitive DNA, was mixed with 1
Al a-33P-labeled DNA fragments (final concentration 1 nM)
and incubated at 30 -C for 15 min. 1 Al protein extract (21 AM)
in twofold dilutions was added, and the samples were
incubated at 30 -C for 30 min. The protein–DNA complexes
were separated on a 10% non-denaturing polyacrylamide gel
buffered with 1 TBE buffer (Sambrook et al., 1989). Gels
were first run for 100 min at 100 V at room temperature before
electrophoresis was carried out 100 min at 100V. Gels were
dried in a vacuum dryer, scanned in a Storm 860 (Amersham
Bioscience) and analyzed using the ImageQuant TL software
(Amersham Bioscience).
DNaseI footprinting
Labeling of MAP150 DNA fragment was performed in a
PCR reaction with g-33P labeled primers (MAP149.for and
PM9rev) and unlabeled primers (PM9rev and MAP149.for),
respectively. Primers were end-labeled with g-33P (Amersham
Bioscience) using T4 polynucleotide kinase (GibcoBRL) as
described by the supplier, and the PCR products were purified
with the GFX kit (Amersham Bioscience). Improved DNA
binding was observed at pH below 6 at 4 -C (data not
shown), and therefore pH 5.5 was used in the footprint
analysis. PCR-labeled MAP150 (1 Al), binding buffer (50
mM MES pH 5.5, 10 mM KCl, 5 mM MgCl2, 5% glycerol
and 20 Ag/ml BSA) and Alt protein extract with a final Alt
concentration of 1 AM were mixed and incubated on ice for
30 min. The reactions were equilibrated for 2 min at 30 -C
before addition of DNaseI (Sigma 10 Units/Al) to a final
concentration of 0.5 U/Al. After 20 s of DNaseI digestion at
30 -C, the reactions were stopped by addition of 20 mM
EDTA and loading buffer. The samples were heated at 72 -C
for 5 min before electrophoresis on a 6% denaturingpolyacrylamide gel at 70 W along with an A/G sequence
reaction performed by the procedure of Nehls and Boehm
(1993). After drying the gel in a vacuum dryer, it was
exposed to an X-ray film for 24 h.
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